The heats of formation of CN and CH2 have been calculated by a number of independent methods and shown to have the approximate values -92*5 and -70 kcal. respectively. The former value, which is independent of any data on cyanogen, receives close support from a recent estimate of the lattice energies of sodium and potassium cyanides, and corresponds to ~ 114 kcal. for the heat of dissociation of C2N2 into two CN radicals.
The dimensions of the dissociation energies of CO and N 2 have been conclusively settled in neither case, there being a t least four values contested for the former and three for the latter. This being so, one cannot afford to overlook the manner in which they are interrelated, since the fixing of either value should lead, in conjunction with sufficient evidence concerning CN, to the fixing of the other. The relationship takes the form D(CO) = D(CN) -£D(N2) + #kcal.,
where x involves D {02) and the heats of formation of CO and CN from molecular oxygen and molecular nitrogen respectively.
A relation of this kind has recently been employed Springall (1947) in an attem p t to decide between the various values proposed for the heats of atomization of carbon and nitrogen. Quite independently, Long & Norrish (1946 c) examined the question of the heat of atomization of carbon, and concluded from several other lines of evidence th a t the high value around 170kcal./g.-atom selected by Springall is not a permissible figure. Since the respective authors draw opposing conclusions, some explanation of the discrepancy is called for. In the present paper an explana tion is suggested, and further evidence relating to the heats of atomization of carbon and nitrogen discussed.
W ith respect to the thermochemical values from which x (equation (1)) is derived, the heat of formation of CO (Wagman, Kilpatrick, Taylor, Pitzer & Rossini 1945 ) is accurately known from the heat of combustion, and the long-accepted spectroscopic value for D(0 2) (Herzberg 1939) remains unchallenged. The position regarding the heat of formation of the free CN radical is far less satisfactory. H itherto, this has always been calculated from the heat of formation of C2N 2 and its heat of dissociation into two CN radicals. A part from the fact th a t the heat of formation of C2N 2 is [ 62 ] probably not known with an accuracy better than ± 10kcal./mol., no decisive value for the energy absorbed in the process ( y^-^C N is available. Published experimental values exhibit wide disagreement, the extreme figures being 77 and 146kcal.: D(NC-CN) (kcal.) Hogness & Ts'ai (1932) > 127 Kistiakowsky & Gershinowitz (1933) 77 ( ± 4) White (1940) 146 ( ± 4) Robertson & Pease (1942a, b) 126-130
Various authors have selected different values on which to base their calculation. Obviously, confirmation for the chosen figure by an independent means is required before confidence can be placed in any one of their widely differing conclusions. Fortunately, three other lines of experimental evidence are available which have not been applied to this problem before. They are all independent of any work on C2N2, and rest upon known facts concerning other molecules containing the CN group. The heats of formation of these molecules are required, and it would be convenient to discuss these first.
T h e h e a t s o p f o r m a t io n o f c e r t a in c y a n i d e s

Methyl cyanide
The heat of combustion of CHSCN per mol. at constant pressure is given as 312-14kcal. for the gas by Thomsen (1905) and 304*0 kcal. for the liquid by Lemoult (1909) . These figures have been corrected by Kharasch (1929) for more accurate physical constants, as follows:
heat of combustion (kcal.) CHjCN gas (Thomsen) 310*4 (18° C) CH8CN liquid (Lemoult) 302*4 (room temp.)
Since the heat of vaporization at the relevant temperature is 8*05 kcal. (Heim 1933) , agreement is excellent, in fact, fortuitously good. This value for the heat of com bustion leads to -19*8 kcal. for the heat of formation of gaseous CH3CN a t 18° C, which figure corresponds to -21*4kcal. at 0°K.
of iodine (Gillespie & Fraser 1936) and ICN (Ketelaar & K ruyer 1943) , yields -47-3 kcal. a t 25° C corresponding to -47-1 kcal. a t 0° K for the heat of formation of gaseous ICN from gaseous I 2, N 2 and graphite, this being the quantity which will be required subsequently. (In the absence of experimental d ata for the heat capacity of solid ICN above 25° C, the fact th a t measurements of K etelaar & K ruyer refer to the temperature range 64 to 153° C and not to 25° C has been ignored. The error thereby introduced would not amount to more than a few tenths of a kilocalorie.)
Hydrogen cyanide
The heat of formation of gaseous HCN can be calculated from the heat of com bustion, for which Berthelot (1881) and Thomsen (1905) give figures differing by only a few tenths of 1 %. According to Kharasch (1929) , Thomsen's figures are to be preferred for gases and very volatile compounds, those of Berthelot usually being too high. Kharasch further recommends applying a correction of -0*4 % to Thomsen's figures to bring them into accord with modern determinations. This reduces Thomsen's figure from 158*62 to 158*0 kcal., which with modern d ata gives -29*8 kcal. for the heat of formation of gaseous HCN a t 18° C, or -29*9 kcal. a t 0° K.
Cyanogen
From published and rather discordant data on the heat of combustion of CgN^ Bichowsky & Rossini (1936) calculate the molecular heat of formation of gaseous cyanogen from diamond and hydrogen to be -71 kcal. In this the figure 94*45 kcal. was utilized for the heat of formation of C0 2 from diamond. Employing instead the figure 94*05 kcal. for the heat of formation of C0 2 from graphite as reference state, the value for C2N 2 becomes -71*8 kcal. a t 18° C or -71*4 kcal. a t 0°K .
The reduction of the foregoing heats of formation to absolute zero was accom plished with the aid of thermodynamical data from W agman et al. (1945) for graphite, hydrogen and nitrogen, Giauque (1931) for gaseous iodine, Thompson (1941) for methyl cyanide and cyanogen, Stevenson (1939) for iodine cyanide and Gordon (1937) for hydrogen cyanide.
T h e h e a t o f f o r m a t io n o f t h e f r e e CN r a d ic a l
The long wave-length limits of the second regions of continuous absorption of CH3CN and ICN are 1600A (Herzberg & ScheiBe 1930; Cutler 1948 ) and 2100A (Badger & Woo 1931; Mooney & Reid 1931 , 1932 respectively, these regions corre sponding to photodissociation in which, as demonstrated by fluorescence, CN radicals are produced in the excited B 2L state (Terenin & Neuimin 1934 Neuimin & Terenin 1936; Yakovleva 1938) . The respective limiting energies are 178*6 and 136*1 kcal. Subtracting in each case the excitation energy of the CN radical, namely, 73*6 kcal., the values obtained for D(CH3-CN) and I-CN) are 105*0 and 62*5 kcal. respectively. If the products of photouissociation carry away excess energy with them, whether translational, rotational or vibrational, then these figures m ust be reduced correspondingly. From either value the heat of formation of the CN radical may be deduced.
For the energy required to remove the first hydrogen atom from the methane molecule a t 0°K, Kistiakowsky & Van Artsdalen (1944) give 100*8+ lkcal. This quantity involves a figure for D(HBr) which needs some correction. From the molecular heat of formation of HBr and the heat of vaporization of bromine at 25° C, 8*66 and 7*34 kcal. respectively (Rossini, Wagman, Evans, Blau & Levine 1947) , the heat of formation of HBr from hydrogen and gaseous bromine is 12 • 3 3 kcal., which, with thermodynamical data for H 2 (Wagman et al. 1945) and for Br2 and HBr (Gordon & Barnes 1933) , corresponds to 12*22kcal. a t 0°K. Combining this with D(H2) and D(Br2) (Herzberg 1939) , D(HBr) becomes 86*5 kcal., which corrects the figure given by Gay don (1948) . The figures employed by Kistiakowsky & Van Artsdalen is 85*8 kcal., so that _D(CH3-H) becomes 101*5kcal. at 0°K. This can be combined with the heat of formation of methane a t 0° K (Prosen, Pitzer & Rossini 1945) as follows: kcal 2C(graphite) + 1£H2 + £N2 -> CH3CN(gas) -21*4 CH3CN(gas) -> CH3 + CN(X 2£) -105*0 CH3 + H ->• CH4(gas) +101*5 £Ha-»H -51*6 CH4(gas) -> C(graphite) + 2H2 -15*987
The heat of formation of the CN radical can also be calculated from the heat of formation of ICN, D (l-CN) and D (I2) (Herzberg 1939): kcal. C(graphite) + £N2 + £E2(gas) -> ICN(gas) -47* 1 IC N (g as)^I(2P |) + CN(X2E) -62*5 I(2P i) -> iI 2(gas) +17*8 C(graphite) + £N2 -* CN(X 2S) -91*8
These two calculations from the absorption spectra confirm one another to well within the limits of experimental error. Presumably the spectra of C1CN and BrCN would exhibit similar regions of continuous absorption, but these have not been examined at sufficiently short wave-lengths. The third method of calculating the heat of formation of CN depends upon an extrapolation of vibrational levels in the absorption spectrum of HCN (Funke & Lindholm 1937) according to the method of Rydberg. The extrapolation leads to 41,000 cm.-1 or 117 kcal. for D (H-CN) . An indication of the r method is provided by the very similar case of acetylene (Funke & Lindholm 1937) , where the value calculated for D(H-C2H) is virtually identical with that obtained from the continuum onset at 2350 A (Cherton 1942 (Cherton , 1943 . (Here the result of the Rydberg extrapolation is some 25 % below that provided by the Birge-Sponer method which, as generally recognized, normally gives a figure considerably in excess of the true value.) Again it is possible to deduce the heat of formation of CN: 
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The three independent figures thus obtained for the molecular heat of formation of free CN are in satisfactory agreement in view of the rather large possible errors: kcal.
continuum onset for CHSCN -9 2 -5 continuum onset for ICN -9 1 -8 Rydberg extrapolation for Of these, the first two would normally be more rightly regarded as lower limits (algebraically speaking), but this would be absolutely certain only if the CN fluores cence had been observed right up to the long wave-length limits of the respective continua of CHSCN and ICN. Until this point has been examined in detail, there is also a possibility th a t these figures err somewhat on the high side. In the case of iodine cyanide, however, Yakovleva (1938) has provided further evidence which limits this possibility. When ICN was illuminated with the light from a zinc spark containing the wave-lengths 2100, 2064 and 2025 A no fluorescence was observed. W ith an aluminium spark containing the lines 1990, 1935,1864 and 1854 A, however, fluorescence was obtained. Here the type of emission was such as to indicate th a t the sum of the vibrational and rotational energies of the CN radicals produced was small, in contrast to the internal energies of the radicals produced by the hydrogen lamp. Allowing for a certain amount of translational energy, this is strong evidence th a t the figure derived from the continuum limit around 2100 A will not be very many kilocalories above or below the true value. In the following calculations the value -92*5 kcal. will be adopted for the heat of formation of CN, less because it is the intermediate of the three figures th an because the heat of formation of methyl cyanide is known with rather greater precision than is the case for the other two compounds. From this value and the heat of formation of cyanogen, D(NC-CN) a t 0° K may be estimated:
From this, D(NC-CN) is seen to assume the value 113-6 kcal., a very reasonable figure lying approximately midway between the highly discordant extremes in the literature. No high accuracy is claimed for this figure. Nevertheless, the foregoing evidence is scarcely compatible with the extreme values 77 (Kistiakowsky & Gershinowitz 1933) and 146 kcal. (White 1940) . In going to press, it is interesting to note th a t Glockler (1948 a) also rejects these two values from a study of the respective lattice energies of sodium cyanide and potassium cyanide in conjunction with the Born-Haber cycle. The values Glockler thus obtains for D(NC-CN) are 117-6 and 119'6kcal. respectively, in good agreement with the figure calculated here, and hence with the value derived for the heat of formation of CN.
The reasonable dimension of the figure obtained for D(NC-CN) is also indicated by a study of the reaction between cyanogen and hydrogen a t high tem peratures (Robertson & Pease 19426) , since, as pointed out by Steacie (1946) The middle member has a rather higher dissociation energy than the mean value of the other two. This is usually observed for similar series. Here it is conditioned by the heats of formation of the three compounds concerned. Other workers have argued, in support of a higher value for D(NC-CN), th at conjugation effects within the molecule will greatly strengthen the C-C bond. This is doubtless an important factor, but Walsh (1948) has drawn attention to another factor acting in the opposite direction. In the rather similar molecules glyoxal and diacetyl, even though con jugation of the two carbonyl groups results in the shortening of the central C-C bond, polarity effects offset a corresponding increase in the bond energy and dis sociation energy of the C-C link, which, in the case of diacetyl at least, is more easily ruptured than the C-C link in ethane. Similarly in cyanogen, as predicted by Walsh, the polarity of the C= N groups is such as to withdraw electrons from the C-C bond, so reducing the overlapping of bonding electrons and hence the bond energy. A confirmatory indication is supplied by the stretching force constants of the C-C bonds. Whereas those for C2H6 and CH3CN, as calculated by Linnett (1940 Linnett ( , 1941 , are 4*53 and 5*3 x 105 dyne/cm. respectively, the corresponding value for C2N2, namely, 5*22 x 105 dyne/cm. (Herzberg 1945) , differs little from that for CH3CN. We are here dealing with dissociation energies and not bond energies, but even allowing for the difference in reorganization energies of the CH3 and CN radicals, there is again no indication that D (N C-CN) will be much greater th These conclusions constitute one point of difference with Springall (1947) who selects the high value 142 kcal. for D (N C-CN). Goldfinger Springall on this point. The other major point of difference is the value adopted for D(CN), which will be discussed later.
T h e h e a t o f f o r m a t io n o f m e t h y l e n e
I t would be relevant at this point to bring forward certain evidence regarding the heat of formation of methylene, CH2, since this provides an indication of the true value of D(CO). The latter quantity is related to the heat of sublimation of carbon (graphite) into ground-state atoms, Lx, by the equ
Now, from equations given previously (Long & Norrish 1946c), j Lx = a+b+c+d-226* 1 kcal a t 25° C, where a, b, c and d are the respective energies required for the processes:
Owing to lack of information concerning the value of b, this method has not so far been successfully applied to the evaluation of L x. One method of evaluating the Jieat of formation of CH2 and hence 6 is provided by the investigation of the homogeneous decomposition of methane. Failure to distinguish between the homogeneous and heterogeneous processes has led to con troversy in the past. Many investigators have studied the heterogeneous decom position, but Kassel (1932) seems to be the only one to have studied the homogeneous process. He carried out his experiments in a quartz vessel a t pressures between 1 and 40 cm. in the tem perature range 700 to 850° C. The reaction velocity was not appreciably affected by increasing the surface area twentyfold. The decomposition was found to be unimolecular with an activation energy of 79 ± 6 kcal., the final products being carbon, hydrogen and a trace of oily m atter. There was, however, an unexplained induction period for some of the experiments. Of the two possible initial processes, CH4-*C H 3 + H,
the former seems to be excluded on energetic grounds, since for a homogeneous process the activation energy cannot be less th an the energy absorbed, which for process (4) is 101*5 kcal. a t 0°K (see the previous section). The initial act m ust con sequently be process (5), conclusions which are supported by Barrow, Pearson & Purcell (1939) . On the other hand, there is a fair am ount of evidence to show th a t the heterogeneous decomposition of methane is mainly concerned with process (4). Thus Eltenton (1947) in mass-spectrograph experiments with methane observed CH3 and not CH2; but with a deactivated (as distinct from an activated) surface and a pressure below 0*3 mm. he also failed to observe CH3, even a t 1100° C, an obser vation which may in some way be connected with the induction period observed by Kassel. Eltenton thus connects process (4) with the heterogeneous decomposition.* Kassel's activation energy for process (5), the one with which we are here concerned, corresponds to 75 kcal. at 0° K, and -59 kcal. for the heat of formation of CH2:
kcal. CH4 ->CH2 + H 2 -7 5 C(graphite) + 2Ha -* CH4 + 15*987 C(graphite) + H a -» CH2 -59
The reversible reactions CH2 + CH4^C H 3 + CH3 (6) and CH2 + H 2^C H 3 + H
have already been used by Wicke (1942 Wicke ( , 1945 for deriving the heat of formation of methylene. Experimental evidence for reaction (6) has been obtained by Rosenblum (1941) . Pearson, Purcell & Saigh (1938) also conclude th at it occurs at high temperatures, though not appreciably at room temperature since methane scarcely affects the life of CH2. These facts are in harmony with its somewhat endothermic nature, and imply an activation energy in the range 10 to 20 kcal. The experiments of Rice& Glasebrook (1934) concerning the decomposition of diazomethane in the presence of butane also lead to an activation energy of 15 + 5 kcal. for the very similar reaction p ir , p u p n , tj
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The reaction between two methyl radicals may follow the paths indicated below: 
Process (10) is endothermic and less likely than (8) or (9). This is born out by the experiments of Paneth, Hofeditz & Wunsch (1935) who examined the products obtained from methyl radicals, both with helium as a carrier gas and in the absence of a carrier gas. Process (10) can be eliminated since it would have resulted in the formation of propane and butane, which was not observed. Further, since the C2H4: CH4 ratio was never too great to be explained entirely by process (8) (the reverse of reaction (6)) followed by the recombination of CH2 to ethylene on the walls, the indication is th at reaction (9) is unimportant. Thus the main gas-phase reaction appears to be the disproportionation process (8), with process (11) occurring on the walls. Reactions between two radicals, unless they are endothermic, are usually found to have low activation energies. However, that of reaction (8) is not negligible since the decomposition of silver methyl (Semerano & Riccoboni 1941) produces ethane only and no methane or ethylene at low temperatures, in contrast to higher temperatures. Furthermore, Paneth et al. (1935) succeeded in increasing the halflife of CH3 to about 0*1 sec. In accordance with the foregoing, 8 + 4 kcal. would appear to be a fair estimate of the activation energy of reaction (8).
Neither reaction (7) nor the back process requires a high activation energy. Rosenblum (1938, 1941) finds that methylene is much less stable towards hydrogen than towards methane. From this it follows that process (7) has a lower activation energy than process (6), so th a t 10 ± 5 kcal. may be regarded as an approximate esti mate for the former. In addition, the tem perature dependence observed by Rosenblum for the formation of saturated hydrocarbons requires a low activation energy for reaction (7). For the back reaction, which involves an atom and a free radical, a very low activation energy is to be expected. Accordingly, Trenner, Morikawa & Taylor (1937) postulate the process CH3 + D-► CH in the deuterization of methane, the alternative process CH3 + D-> CH2D + H being regarded as unlikely by Gorin, Kauzmann, W alter & Eyring (1939) . Steacie (1946) accepts 5 kcal. as an upper limit for the activation energy of the reverse of reaction (7), so th a t 2-5 ± 2*5 kcal. may here be regarded as a safe figure.
The differences between the respective activation energies of the forward and back processes for the two reactions (6) and (7) lead to -7 and -7-5 kcal. respectively for the approximate heats of reaction. These conclusions are similar to those of Wicke (1945) , and also receive support from Barrow (1939) Finally, there is evidence from the ultra-violet absorption spectrum of ketene. This exhibits a continuum over the range 2600 to 3700 A in which diffuse bands are to be distinguished, this region corresponding to the photolytic decomposition process CH2CO -» CH2 + CO (Norrish, Crone & Saltmarsh 1933; Norrish 1934) . These results have received independent confirmation (Ross & Kistiakowsky 1934) . The quantum yield is nearly unity, but falls off near the long wave-length limit. The point of onset of the continuum puts an upper limit of 77 kcal. on the energy required to effect the photo-decomposition. The molecular heat of formation of gaseous ketene may be calculated from the heat of reaction with dilute caustic soda (Rice & Greenberg 1934) and thermochemical data for sodium hydroxide and sodium acetate in solution (Bichowsky & Rossini 1936) to be 15 kcal. a t 18° C, corresponding to 14 kcal. a t 0°K . Combining this figure with the heat of formation of carbon monoxide (Wagman et al. 1945) , the figure -91 kcal. is obtained (algebraically speaking) for the heat of formation of CH2:
kcal. 2C(graphite) 4-H 2 + £ 0 2 -> CH2CO(gas) + 14 CH2CO(gas) -V CH2 + CO -7 7 CO -» C(graphite) + £ 0 2 -27-202
Owing to the rather large inaccuracies involved, close agreement is not to be expected between the results from the various methods of calculating the heat of formation of CH2. All the evidence is compatible with the figure -70 + 15kcal., and there is no indication of a decidedly different value. From this figure, b (equation (3) ) is found to be 88 kcal.:
kcal.
CH4 -» C(graphite) + 2Ha -15-987 CH, + H^C H 4 +101-5 H a-*2H -103-2 C(graphite)+ H 2 -> CH2 -70
CH"-*CH2 + H -88
The value of d, th at is, D(CH), has been calculated by Herzberg (1939) from obser vations of band spectra by Shidei (1936) to be 80-0 kcal., a value in excellent accord with the expectations of Heimer (1932), and also with the general trend of C-H bond energies as related to bond lengths and force constants (Walsh 1947 (Walsh a, 1948 Methods (i), (ii) and (iii), individually as well as collectively, seem to be entirely incompatible with the high value 256-1 and the low value 169-7 kcal. which have been proposed for J9(CO) (see table 1, p. 74). I t needs at this point to be mentioned that a recent investigation by an effusion method (Brewer, Gilles & Jenkins 1948) appears to indicate a relatively low vapour pressure for graphite and hence support the high value for D(CO), which is in definite conflict with the foregoing evidence. However, it has been pointed out elsewhere (Long 1948 ) that the results of Brewer et al. are also in conflict with other available evidence concerning the direct measurement of the equilibrium vapour pressure and triple point of graphite, and that these investigators themselves make observations concerning the rapid volatilization of graphite which are scarcely compatible with their own temperature-pressure relation and its implied low vapour pressure. Because of the importance of all direct evidence, further comments are called for. Even when the first of the seven independent measurements which Brewer et al. record is ignored as discordant, the remaining six results are seen to indicate vapour pressures which, allowing for the slight temperature modulation, vary among themselves by a factor of approximately 10. Yet, from the results of varying the area of the effusion hole by a factor of only 2*77, it is concluded th a t the accommodation coefficient for graphite is sufficiently large to ensure the attainm ent of true equilibrium vapour pressures inside a crucible with an effusion hole of dia meter equal to one-quarter of the internal diameter of the crucible. The absence of a more thorough investigation of this fundamental point, upon which the validity of the results entirely depends, is obviously a serious omission, the more so because unpublished work of Johnston & Marshall referred to by Herzberg (1942) indicates an 'exceedingly sm all' accommodation coefficient. Brewer further tacitly assume th a t all of the carbon vapour impinging on a cold platinum surface adheres to it, and th a t a true Maxwellian distribution for the vapour effusing (as demanded by the effusion equation employed) is realized under conditions where the mean free path is long compared with the dimensions of the enclosure. For a number of reasons, therefore, it would be unwise to place great emphasis on these results before they are confirmed by independent measurements of the equilibrium vapour pressure of graphite, preferably over a wider tem perature range. (These criticisms do not apply to the determination of D {C 2) also described by Brewer et al.) A part from this instance, the indication of the evidence discussed in this section, namely th a t neither of the extreme values proposed for D(CO) is permissible, receives support from the bulk of other direct evidence concerning the equilibrium vapour pressure of graphite (Long 1948; Long & Norrish 1946 b, c) . Theforementioned photolysis of ketene (method (iv)) is also particularly valuable evidence against the high value, and may be compared with the observation of Faltings, Groth & H arteck (1938) th a t ultra-violet radiation of wave-length 1295 A effects the photo-decom position carbon monoxide with a quantum yield of unity, thus placing an upper limit of 221 kcal. on D(CO), corresponding to 135 kcal. on L v In this respect, Schmid & Gero (1946) have brought forward three independent arguments against an attem p t (Gaydon & Penney 1942) to reconcile the latter evidence with the high value (256*1 kcal.) for D (C O). Chemically speaking, a value as high as this for th required to rupture a double bond (Long & W alsh 1947) would in any case be w ithout precedent. Again, the process CH4-> C+ + 4H + eĩ s observed in electron-impact experim ents'at 26*7 + 0*7 eV (Smith 1937), which places an upper limit on the energy of atomization of methane and hence on From this and three other processes of like type referred to by H agstrum (1947), upper limits for L x have been calculated, all of which lie in the range 131 to 141 kcal. None of the evidence discussed in this section gives a sufficiently accurate figure to be able to decide conclusively between the alternatives 210*75 and 221 kcal. which have also been suggested for D(CO) (see table 1), although reconcile th a t from method (i) with the latter alternative. I t is emphasized th a t the various calculations of L x and D(CO) by methods (i), (ii), (iii) and (iv) all depend upon a theoretically derived value for the step CH2-> CH + H, bu t are otherwise entirely experimental. An error of several kilocalories here would not alter the general conclusions, which are in complete accord with the evidence cited previously (Long & Norrish 1946 a, 6, c); nor likewise would the eventuality, discussed as a possibility by Walsh (19476) , th a t the triplet state of CH2 should turn out to be about 5 kcal lower in energy than the singlet state (Voge's calculation of the quantity c referring to the latter).
T h e r e l a t io n s h i p b e t w e e n C O ), D(CN) a n d D(N2)
From the derived heat of formation of CN, the value of x in equation (1) may be evaluated at 178*3 kcal. as follows:
+ 92-5 + 58-6 + 27-202 + 178-3 (la)
Equation (la) is entirely experimental. The spectrum of the CN radical has been examined by several investigators, but most recently and in greatest detail by Schmid, Gero & Zemplen (1938) . By following a series of perturbations, the A 2II state has been observed up to the 30th vibrational sublevel. A short extrapolation leads to a convergence limit a t 60,500 cm.-1 or 172-8kcal. above the ground state of CN. The convergence of the upper B 22 state is extrapolated to 65,500 cm.-1, that is, 5000 cm.-1 higher, the stated accuracy in each case being ± 1000 cm.-1.
Since neither carbon nor nitrogen has an excited level in the neighbourhood of 5000 cm.-1 above the respective ground state, the nearest being C: X D at 10,192 cm.-1, it would follow th at the A 2I1 state of CN is not derived from ground-state atoms. Accordingly, Schmid et a l . (1938) 
The values of 2>(CO) and jD(N2) which are at present receiving support are given in table 1. For the sake of consistency, the spectroscopic values here quoted have been recalculated from the predissociation limits a t 89,620 ± 50 cm.-1 for CO (Schmid & Gero 1935; and 97,960 ± 40 cm.-1 for N2 (Biittenbender & Herzberg 1934) by subtracting the relevant excitation energies and converting to kilocalories. The conversion factors employed are those compiled by Herzberg (1944) from the review of Birge (1941) . The figures quoted for Valatin are based on the work of )-In the case of CO, these authors consider that the products of dissociation for the limit a t 89,620cm.-1 are either C :5$ + 0 : 3P or C :3P + Q :1S. The difference amounts to only a few cm.-1, the figure quoted here being based on the former assumption. H agstrum 's figures are the electron-impact values, th a t for nitrogen being essentially the same as Herzberg's spectroscopic value. (In neither case does the discrepancy with the equation amount to as much as 4 kcal.) This result is surprising and brings certain difficulties with it. Whereas, from the evidence already discussed, 210*75kcal. is a permissible value for D(CO), the low value 115*1 kcal. for D(N2) is difficult to accept on the grounds th a t it leads to im possibly low dimensions for the bond energies in m any nitrogen compounds, par ticularly th a t for the N-N bond energy in hydrazine. On the other hand, the alternative pair of values entails the very low figure 73*9 kcal./g.-atom for the heat of atomization of graphite, a figure a t serious variance with the evidence already brought forward, as well as with direct measurement of the vapour pressure of carbon, which indicates a much higher value.
This forces us to look once again a t the means we have employed in arriving a t these alternative conclusions. In calculating equation (16) three experimental values have been adopted, namely those for D {02) ,D(CN) an CN radical. Since the last-named value has been derived by three independent methods which agree to within the limits of experimental error, both among them selves and with the calculations of Glockler (1948 a), and since the value of D(0 2) appears to be satisfactorily established, of the three quantities adopted th a t for D(CN) is the most likely to be in error. Although the scientific world has not yet been presented with an alternative analysis of the CN spectrum comparable in detail with th a t given a decade ago by Schmid etal. (1938) , it would be useful a t this point to reverse the calculations we have made and deduce from equation ( b l e 2. V a l u e s o f D(CN) c a l c u l a t e d f r o m p o s s i b l e c o m b in a t io n The evidence discussed here in the section on the heat of formation of methylene points unequivocally against cases a, b, c , j , and l (tabl 2 and 3 shows th at cases a, k and l are doubly ruled out, the former because the highest possible value of D {C N) is too low, and the latter two for precisely the reverse re there being no likelihood that CN dissociates into products which are more highly excited than those suggested by Schmid et al. (1938) . I t would thus seem, quite independently of the correct dimension of D(CN), th at the values for Z)(CO) and D{N2) proposed by Gaydon are not mutually compatible, nor likewise those favoured by Valatin. Among the main grounds of support for case a have been theoretical ones based on the Non-crossing Rule (Gaydon & Penney 1945) . But a rigid applica tion of this rule involves an identification of the potential curves of the unperturbed electronic states of the molecules concerned with those of the eigenvalues provided by the classical two-centre model. As soon as the relative motions of the nuclei are considered, this identification is no longer permissible (Valatin 19466) . I t is therefore not surprising th at the Non-crossing Rule has led to incorrect conclusions, especially as other diatomic molecules are known which do not conform to it.
Of the remaining six cases, only g, h and i provide v close to any of the possible values given in table 3. Cases i and / are unsatisfactory because, as already mentioned, the low value for D(N2) does not give a reasonable figure for the N-N bond energy in hydrazine. To get round this difficulty it would be necessary to assume that the hydrazine molecule were derived from excited nitrogen atoms. It is not possible to make an immediate decision between possi bilities g and h. The spectroscopic value 170-1 kcal. for D(N2) is th at which receives support from electron-impact experiments. Furthermore, the alternative figure 225 kcal. implies a high value for D(NO) which Flory & Johnston (1946) have criti cized, mainly because it is barely to be reconciled with the results of experiments on the photo-decomposition of nitric oxide. Nor is it compatible with the appearance potential of N + from nitric oxide (Hagstrum 1948) . On the other hand, considerations concerning the relative energies of nitrogen bonds have led certain investigators to prefer 225 kcal. for D(N2) (Skinner 1945; Glockler 19486) . B ut in this connexion it should be noted th a t in his semi-empirical relationships Glockler compares other properties of carbon bonds with bond energies calculated from the 3P state of carbon.
In both cases g and h, however, there is a difficulty w ith respect to the GN spec trum . If P(CN) is 117-9 kcal., which would follow from case , the products of dissociation a t the convergence limit a t 60,500 cm.-1 m ust be C :3P + N: 2D. This identification of products was tentatively suggested in the appendix of an earlier paper (Long & Norrish 1946c) , and supported on the additional grounds th a t the upper convergence a t 65,500 cm.-1 could be assigned the products C :5$ + N :4$, provided the excitation energy of C :5Sw ere about 24,2 value for the C: 5S excitation energy, against which there was a t the time no pub lished experimental data, seemed to provide a confirmation of the thermochemical estimate of the energy level of the tetravalent state of carbon, namely 65 ± 10 kcal. The recent observation of the 5S level by Shenstone (1947) a t 96-4 kcal., however, ap art from appearing to prohibit the identification of this thermochemical estimate with the energy of the C: 3P -> 5St ransition, creates a real difficulty w is considered for D(CN), since there is no combination of atomic terms which fits the upper convergence of GN a t 65,500 ± 1000 cm.-1, or lies even near to it. This argum ent applies with even greater force to the possibility th a t Z)(CN) is 143-8 kcal. (case g).
The reason for this seeming incompatibility is not clear, but, in the event th a t D(CN) has the value 117-9 kcal. (case h), the possibility arises th a t the upper B 22 state of CN is derived from a hybridized tetravalent carbon atom with an internal energy around 69 kcal. above the ground state, this maintaining its identity in CN up to a high vibrational level, in spite of the fact th a t it does not correspond to a single atomic state. In this case the difficulty caused by the apparent convergence a t 65,500 cm.-1 would be removed. In any eventuality, some revision of the dissociation scheme of CN due to Schmid et al. seems to be called for, even though table 2 supports the contention of these investigators th a t CN does not dissociate into ground-state atoms a t 172-8 kcal.
Cases d and e both presuppose an error of some 10 kcal. or more in the heat of formation derived for the CN radical, which is more th an is likely. I t thus appears, quite apart from the additional objections of Valatin (1948c) , th a t the electronimpact value 221 kcal. for D(CO) is less probable th an the spectroscopic value 210-75 kcal., but it is not possible in our present state of knowledge to decide definitely against it. The spectroscopic values for Z)(CO) and D(N2) preferred by Gaydon (1947) by reason of the Non-crossing Rule are likewise mutually incompatible.
The most probable value for D {C O) is 210-75 kcal., corresp for the heat of atomization of graphite a t 0° K. This value is supported by independent lines of evidence concerning the heat of formation of methylene and its bearing on the energy involved in the stepwise dissociation of methane. The evidence examined here is decidedly incompatible with the high value 256-1 kcal. and the low value 159-7 kcal. for D(CO). The electron-impact value 221 kcal. appears as a less likely alternative to the spectroscopic value 210-75 kcal.
Of Towards the unequivocal fixing of these important quantities, in particular the heats of atomization of carbon and nitrogen, it would be useful to close the paper by enumerating some of the ways by which the problems might be profitably approached:
(i) a precise determination of the limiting wave-length capable of effecting the photo-decomposition of carbon monoxide;
(ii) further direct measurement of the vapour pressure of graphite, including the determination of the maximum temperatures to which it is possible to heat a graphite rod electrically under varying pressures; (iii) a calculation of the lattice energy of diamond (this would presumably provide the heat of atomization to carbon atoms in the tetravalent state); (iv) the application of a modified Trouton's Rule to graphite; (v) a determination of the heat of formation of diazomethane which, in con junction with the energy absorbed in the photo-decomposition (Kirkbride & Norrish 1933), would provide an upper limit for the heat of atomization of graphite, as in the similar case of ketene; (vi) further photochemical studies of simple cyanides, preferably in conjunction with a further analytical study of the CN spectrum; (vii) combined photochemical and thermochemical studies of a number of simple molecules such as C2H2, C2C12, HN3, NH3, N2H 4 and the recently discovered N2F 2;
(viii) further studies of the homogeneous thermal decomposition of methane and ammonia;
(ix) determinations of the heats of reaction of processes involving CH3, CH2, CH, NH2, NH and CN radicals.
Note
Udded 23 December 1948. Since the completion of this paper, other articles have appeared which have a close bearing on its contents. A revision of an earlier theoretical treatm ent of the stepwise dissociation of methane in the light of more recent experimental data has been given by Voge (1948) , who concludes th a t the energies required for the successive removal of hydrogen atoms are = 101, 6 = 90, c = 80 and d = 80kcal., values not involving a priori assumptions concerning the heat of atomization of carbon. In no case do these figures differ by more than 1 or 2 kcal. from the values adopted here. This provides from a theoretical angle excellent support for the magnitude of 6 (~ 88kcal.) derived entirely from experimental data in the present paper. (The alternative figures of Walsh (19476) involving a triplet ground state for CH2, namely a = 101, 6 = 85, c = 85 and = 80 kcal., do not differ greatly from those of Voge.)
Quite apart from his own considerations, Voge also cites data concerning the appearance potential of CH2+ from methane (Smith 1937) and the ionization energy of CH2 (Langer & Hippie 1946) , from which the heat of formation of CH2 a t room tem perature may be calculated to be -70kcal., as follows: This corresponds to -71 kcal. a t 0°K and is further experimental evidence in support of the figure ~ -70 kcal. already derived in a number of independent ways. In direct conflict with the foregoing, a paper by Gero (1948) on the stepwise dis sociation of methane and a number of articles by Valatin (1948 a, 6, on allied topics extend the former contention of , already referred to here, th a t (with modern conversion factors) D(CO) = 159*7 and L x = 73*9 kcal. Bearing in mind th a t a and <2 are experimentally fixed, this would mean th a t in the dissociation scheme of methane the sum of 6 and c is more than 50 kcal. less than th a t adopted both in the present paper and in the paper of Voge (1948) . However, by making the arbitrary and unnatural assumptions (i) th a t even in the CH radical carbon always remains in the tetravalent state, and (ii) th a t only 5S carbon atoms and not atoms in the 3P ground state participate in the equilibrium present in carbon vapour, the values 100*76, 97*36, 97*02 and 97*02kcal. are obtained for the respective energies required to remove successive hydrogen atoms in methane (the second, third and fourth of these quantities being ultimately defined in a different manner from 6, c and d as employed in this paper). The close agreement of the first figure with the experimental value of D(CH3-H) is obtained only a t the expense of further tacitly assuming (iii) th a t the C-H bond energies in CH3 and CH2 groups within saturated organic molecules are identical with those in free CH3 and free CH2 respectively. This last assumption may involve serious errors and is in itself mis leading, since it means, for example, th a t there remains no evidence to support the contention th a t the process CH(4E) -> C(5S) + H absorbs 97*02 kcal., as is asserted. Again, it also involves identifying bond energies with dissociation energies, for example the C-C bond energy in ethane with D(CH3-CH3), which is not permissible (Long & Norrish 1946c); With regards assumption (i), it is hard to see why the carbon in CH, which involves only a single bonding electron from the carbon atom, should not revert to the divalent state, there being no kinetic, spectroscopic or energetic evidence to suggest th a t it remains tetravalent. Assumption (ii), in order to explain the discrepancy with observed equilibrium vapour-pressure measurements, involves the further im probable assumption that the 5S carbon atoms are in equilibrium with a hypothetical excited singlet state of the C2 molecule, which cannot revert to the triplet ground state and is regarded as possessing a quadruple bond (!) whose energy is estimated to be 185kcal. by extrapolation. However, these assumptions concerning strongly metastable atoms and molecules meet with serious objections, since the atomic lines of the 5S-> SP transition have been observed in emission (Shenstone 1947) and the molecular lines emitted by carbon vapour inside a graphite tube below 3000° K are the ordinary triplet-triplet Swan bands (Brewer et at. 1948) . W ithout these admittedly ingenious if extravagant assumptions which the Budapest school have introduced to defend a not unequivocal interpretation of the CO spectrum, there appears to be little if any independent evidence to support their interpretation. These assumptions alone are in any case not sufficient to reconcile the interpretation with all known facts, including the experimental data discussed in the present paper.
